Feridooni HA, MacDonald JK, Ghimire A, Pyle WG, Howlett SE. Acute exposure to progesterone attenuates cardiac contraction by modifying myofilament calcium sensitivity in the female mouse heart. application of progesterone attenuates cardiac contraction, although the underlying mechanisms are unclear. We investigated whether progesterone modified contraction in isolated ventricular myocytes and identified the Ca 2ϩ handling mechanisms involved in female C57BL/6 mice (6 -9 mo; sodium pentobarbital anesthesia). Cells were field-stimulated (4 Hz; 37°C) and exposed to progesterone (0.001-10.0 M) or vehicle (35 min). Ca 2ϩ transients (fura-2) and cell shortening were recorded simultaneously. Maximal concentrations of progesterone inhibited peak contraction by 71.4% (IC50 ϭ 160 Ϯ 50 nM; n ϭ 12) and slowed relaxation by 75.4%. By contrast, progesterone had no effect on amplitudes or time courses of underlying Ca 2ϩ transients. Progesterone (1 M) also abbreviated action potential duration. When the duration of depolarization was controlled by voltage-clamp, progesterone attenuated contraction and slowed relaxation but did not affect Ca 2ϩ currents, Ca 2ϩ transients, sarcoplasmic reticulum (SR) content, or fractional release of SR Ca 2ϩ . Actomyosin MgATPase activity was assayed in myofilaments from hearts perfused with progesterone (1 M) or vehicle (35 min). While maximal responses to Ca 2ϩ were not affected by progesterone, myofilament Ca 2ϩ sensitivity was reduced (EC50 ϭ 0.94 Ϯ 0.01 M for control, n ϭ 7 vs. 1.13 Ϯ 0.05 M for progesterone, n ϭ 6; P Ͻ 0.05) and progesterone increased phosphorylation of myosin binding protein C. The effects on contraction were inhibited by lonaprisan (progesterone receptor antagonist) and levosimendan (Ca 2ϩ sensitizer). Unlike results in females, progesterone had no effect on contraction or myofilament Ca 2ϩ sensitivity in age-matched male mice. These data indicate that progesterone reduces myofilament Ca 2ϩ sensitivity in female hearts, which may exacerbate manifestations of cardiovascular disease late in pregnancy when progesterone levels are high.
NEW & NOTEWORTHY We investigated myocardial effects of acute application of progesterone. In females, but not males, progesterone attenuates and slows cardiomyocyte contraction with no effect on calcium transients. Progesterone also reduces myofilament calcium sensitivity in female hearts. This may adversely affect heart function, especially when serum progesterone levels are high in pregnancy.
Listen to this article's corresponding podcast at https://ajpheart. podbean.com/e/acute-progesterone-modifies-cardiac-contraction/. sex hormones; sex differences; gender; excitation-contraction coupling CARDIOVASCULAR DISEASE is a leading cause of hospitalization and death for men and women (55) . Even so, there are male-female differences in incidence, prevalence, presentation, and outcomes associated with cardiovascular diseases (22, 26, 55, 63) . Sex differences in the pathophysiology of cardiovascular diseases may originate, in part, from differences in normal heart function. Women have higher resting heart rates and longer corrected QT intervals than men (10, 28, 67) . They also have a higher ejection fraction at rest, although men respond to exercise with a greater increase in ejection fraction (9, 28, 43) . Interestingly, there also are sex differences in cardiac contractile function in animal models, with most studies reporting larger, faster contractions in males compared with females (49) . These findings have fueled interest in links between sex steroid hormones and cardiac contraction, but the underlying mechanisms are not well understood (2, 46, 49) .
Receptors for the three primary classes of sex hormones (estrogen, testosterone, and progesterone) have been identified on cardiomyocytes (23, 27, 38, 41, 44, 45) . This suggests that the effects of sex hormones on myocardial contractility are due, at least in part, to actions on the myocytes themselves. Traditionally, the effects of sex steroid hormones on the heart have been attributed to genomic actions, mediated by binding to nuclear receptors that alter gene expression (7, 35) . However, these hormones also act via rapid, nongenomic mechanisms (59, 64) . Although the nongenomic effects of estrogen and testosterone on the heart have been investigated in a number of studies (2, 49) , much less is known about the acute effects of progesterone on the heart.
Progesterone levels fluctuate between 2.5 nM in the follicular phase and 40.6 nM in the luteal phase in pre-menopausal women (30) . However, peak progesterone rises during pregnancy to 160 -318 nM in the second trimester and 300 -1,200 nM in the third trimester (24) with similar levels (e.g. 186 nM) reported in mid-pregnancy in the mouse (14, 15) . Preclinical studies have shown that acute exposure to physiological levels of progesterone (100 -1000 nM) reduces action potential duration (APD) and attenuates peak contraction in ventricular muscle (42, 56, but cf. 68) . The effect on APD has been attributed to an increase in slow delayed rectifier K ϩ current (I Ks ), which may prolong the QT interval and contribute to arrhythmias when progesterone levels are high (47) . By contrast, the mechanism or mechanisms responsible for acute effects of progesterone on contraction have not been identified. This is important, as the negative inotropic effects of progesterone may contribute to, or exacerbate, cardiovascular complications of pregnancy including heart failure (25) .
Cardiac contraction occurs when Ca 2ϩ influx through L-type Ca 2ϩ channels triggers Ca 2ϩ release from the sarcoplasmic reticulum (SR), which binds to the myofilaments to initiate contraction (8) . In theory, progesterone could act at one or more sites involved in Ca 2ϩ homeostasis or at the myofilaments to attenuate cardiac contraction, although this has not been investigated. The objectives of this study were to determine whether acute application of progesterone affected contractions and Ca 2ϩ homeostasis in isolated ventricular myocytes and to investigate the mechanisms involved. Field-stimulation and electrophysiology studies were conducted in myocytes from adult female C57BL/6 mice acutely exposed to progesterone or vehicle control. Myofilament actomyosin MgATPase activity and myofilament phosphorylation assays used myofilament proteins isolated from adult female hearts perfused with either progesterone or vehicle control. Some experiments also used myocytes and hearts from age-and strain-matched male mice.
METHODS
Animals and ethical approval. Experiments followed the guidelines of the Canadian Council on Animal Care Guide to the Care and Use of Experimental Animals (CCAC, Ottawa, ON, Canada: vol. 1, 2nd ed., 1993; vol. 2, 1984) . Experimental protocols were approved by the Dalhousie University Committee on Laboratory Animals. Female and C57BL/6 mice (6 -9 mo of age) were obtained from Charles River Laboratories (St. Constant, QC, Canada) and housed in groups of five in microisolator cages located in the Carleton Animal Care Facility. Some experiments also used male mice of the same age and strain. Female mice were used without respect to their estrous stage. All mice were exposed to a 12-h light/dark cycle, and food and water were provided to mice ad libitum.
Myocyte isolation. Ventricular myocytes were isolated by enzymatic dissociation as previously described (20) . Briefly, mice were anesthetized with sodium pentobarbital (200 mg/kg ip) coinjected with heparin (3,000 U/kg). The heart was perfused at 37°C (10 min) with oxygenated Ca 2ϩ -free isolation solution of the following composition (mM): 105 NaCl, 25 HEPES, 20 glucose, 5 KCl, 3 Napyruvate, 1 MgCl 2, 1 lactic acid, and 0.33 NaH2PO4 (pH 7.4, NaOH). The heart was then perfused for~10 min with Ca 2ϩ -free isolation solution supplemented with collagenase type II (8.0 mg/30 ml; Worthington), dispase II (3.0 mg/30 ml; Roche Diagnostics), trypsin (0.5 mg/30 ml; Sigma-Aldrich, Oakville, ON, Canada), and 50 M CaCl 2. Following perfusion, the ventricles were minced in a high-potassium solution containing the following (in mM): 50 L-glutamic acid, 45 KCl, 30 KH 2PO4, 20 taurine, 10 HEPES, 10 glucose, 3 MgSO4, and 0.5 EGTA (pH to 7.4, KOH). Cells were filtered through a 225-M polyethylene mesh.
Experimental protocols. Field-stimulation, current-clamp, and voltage-clamp experiments were performed with established techniques (19, 37) . Briefly, myocytes were incubated with fura-2 AM (5 M; 20 min; room temperature) in the dark in a chamber on the stage of an inverted microscope (Nikon Eclipse TE200; Nikon). Cells were superfused at a rate of 3 ml/min at 37°C with the following buffer (in mM): 135.5 NaCl, 10 HEPES, 10 glucose, 4 KCl, 1.8 CaCl 2, and 1 MgCl2 (pH 7.4 with NaOH). In voltage-clamp experiments, 4-aminopyridine (4 mM) and lidocaine (0.3 mM) were added to the buffer to block transient outward K ϩ and Na ϩ currents, respectively.
Cell shortening and Ca 2ϩ transients were recorded simultaneously by splitting the microscope light between a video camera (Philips, Markham, ON, Canada) and a photomultiplier tube (Photon Technologies, Birmingham, NJ) with a dichroic cube (Chroma Technology, Rockingham, VT). A video-edge detector was used to measure cell length (120 samples/s). A DeltaRam fluorescence system (Photon Technologies International) was used to excite cells at 340 and 380 nm. Fluorescence emitted at 510 nm was recorded for both wavelengths (200 samples/s) with Felix software (Photon Technologies International). The background fluorescence was subtracted from each excitation wavelength and the ratio of emission at 340 and 380 nm was converted to Ca 2ϩ concentration with an in vitro calibration curve as we have described in detail previously (58) .
In field-stimulation studies, cells were stimulated at 4 Hz with bipolar pulses delivered with platinum electrodes via a stimulus isolation unit (SIU-102; Warner, Hamden, CT) controlled by pClamp 8.2 software (Molecular Devices, Sunnyvale, CA). Cumulative concentration-response curves were generated for progesterone concentrations from 0.001 to 10.0 M. Progesterone stock solution was dissolved in DMSO; the highest concentration used (e.g., 0.03%) was included in all solutions and used as a vehicle control. Thirty-second recordings were made at 7-min intervals for control and progesteronetreated cells for a total exposure time of 35 min. We found that responses to progesterone stabilized within 2-4 min ( Fig. 1 ). Electrophysiological recordings were made with microelectrodes (15-25 M⍀; 2.7 M KCl) and an Axoclamp 2B amplifier controlled by pClamp software. Cells were superfused with buffer supplemented with either vehicle control or 1 M progesterone for 30 -35 min before recording. In discontinuous single electrode voltage-clamp studies (5) (6) (7) (8) , cells were paced with trains of ten 50-ms conditioning pulses from Ϫ80 to 0 mV (4 Hz), repolarized to Ϫ40 mV, and depolarized to 0 mV with a 200-ms test step designed to simultaneously elicit I Ca-L and Ca 2ϩ transients and contractions. Some experiments were repeated at a frequency of 2 Hz. Capacitance was determined with pClamp software by integrating capacitive transients elicited by test steps from Ϫ60 to Ϫ50 mV. SR Ca 2ϩ content was assessed after the conditioning pulse train by application of caffeine (10 mM) with a rapid solution switcher designed to maintain temperature at 37°C. Caffeine was applied for 1 s in nominally Ca 2ϩ -free buffer of the following composition (in mM): 140 LiCl, 10 caffeine, 10 glucose, 5 HEPES, 4 KCl, 4 MgCl2, 4 4-aminopyridine, and 0.3 lidocaine (32). In current-clamp studies, trains of ten 3-ms pulses were used to pace myocytes (4 Hz). Current-clamp and voltage-clamp
Myocyte shortening (%) experiments were performed in cells superfused with either vehicle control or progesterone as indicated. In some experiments, the progesterone receptor (PR) antagonists mifepristone (10 M; Cayman Chemical Company, Ann Arbor, MI; 47) or lonaprisan (1 M; AdooQ Bioscience, Irvine, CA; 21) were used. The Ca 2ϩ sensitizer, levosimendan (1 M; 11), was also used in some studies. Stock solutions for all drugs were made in DMSO (final concentration 0.1%) and the vehicle alone was used as a control in all experiments. Myofilament isolation. Myofilaments were isolated as previously described (39, 66) . Hearts were perfused (3 ml/min; 37°C) with buffer composed of the following (in mM): 135.5 NaCl, 10 HEPES, 10 glucose, 4 KCl, 1.8 CaCl 2, and 1 MgCl2 (pH 7.4 with NaOH) supplemented with either vehicle control or 1 M progesterone for 35 min. The ventricles were removed, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until use. Ventricles were homogenized in ice-cold buffer composed of the following (in mM): 60 KCl, 30 imidazole (pH 7.0), 2 MgCl 2, 0.01 leupeptin, 0.1 PMSF, 0.2 benzamidine, and phosphatase inhibitors (P0044; Sigma-Aldrich). After centrifugation (14,000 g; 15 min; 4°C) the pellet was resuspended in buffer supplemented with 1% Triton X-100 (45 min, on ice). This solution was centrifuged at 1,100 g for 15 min at 4°C and the pellets were washed three times in ice-cold buffer. Myofilaments were frozen for molecular analysis or kept on ice and used immediately for actomyosin Mg 2ϩ -ATPase assays.
Actomyosin MgATPase activity. Actomyosin Mg 2ϩ -ATPase activity was assessed as previously described (39, 66) . Briefly, myofilaments (25 g) were incubated in ATPase buffers with increasing concentrations of free Ca 2ϩ (10 min; 32°C). Free Ca 2ϩ was calculated as described previously (50) . The reaction was quenched with 10% tricholoacetic acid. Inorganic phosphate production was measured by adding equal volumes of 0.5% FeSO 4 and 0.5% ammonium molybdate in 0.5 M H2SO4 and reading the absorbance at 630 nm.
Myofilament protein phosphorylation. Myofilament proteins (10 g) were separated by SDS-PAGE (12%) and fixed in 50% methanol-10% acetic acid (23°C) overnight. Phosphorylation of myosin-binding protein C, desmin, troponin T, tropomyosin, troponin I, and myosin-light chain 2 was assessed with ProQ Diamond staining (Molecular Probes, Eugene, OR). Imaging was performed with a Bio-Rad Chemi-Doc MP Imaging System (Bio-Rad Laboratories, Mississauga, ON, Canada) and data were analyzed with ImageJ (National Institutes of Health, Bethesda, MD). Gels were stained with Coomassie to assess protein loading; myosin was used as a loading control.
Data analysis. Field stimulation and electrophysiology data were analyzed with Clampfit 8.2 (Molecular Devices). Statistical tests were performed with Sigma Plot 12.0 (Systat Software) and graphs were created with the same software. Contractions and Ca 2ϩ transients were averaged (50 responses for each) in field stimulation experiments. Cell shortening was the difference between resting cell length and peak contraction. The rates of shortening and lengthening represent the average rate for each parameter. Ca 2ϩ transients were the difference between diastolic and systolic Ca 2ϩ . All data are presented as mean Ϯ SE. Data were analyzed with t-tests, one-way ANOVA or two-way repeated measures ANOVA. Multiple comparisons were performed with a Holm-Sidak or a Dunnett's post hoc test. Differences were considered significant when P Ͻ 0.05.
Chemicals. All chemicals were purchased from Sigma-Aldrich unless otherwise indicated. A 30-mM stock solution of progesterone was prepared in anhydrous DMSO and stored in aliquots at Ϫ20°C until use. Fura 2-AM was purchased from Invitrogen (Burlington, ON, Canada), and a 2-mM stock solution was prepared in anhydrous DMSO and stored at Ϫ20°C until needed.
RESULTS
Progesterone modifies contractions but has no effect on Ca 2ϩ transients in field-stimulated cardiomyocytes isolated from female animals. To determine whether progesterone affected the magnitude and time course of contraction in myocytes isolated from female mice, cell shortening was recorded from cells that were field-stimulated at 4 Hz. Figure 2A ( Fig. 2A, top) and in the presence of 1 M progesterone ( Fig.  2A, bottom) . This example illustrates that contraction was smaller and slower in the presence of progesterone when compared with vehicle control. Figure 2B shows means (ϮSE) peak contractions recorded in the absence of progesterone (vehicle control) and in the presence of increasing concentrations of progesterone (0.001-10.0 M). Contractions were normalized to resting cell length and are expressed as fractional shortening. The maximal concentration of progesterone (10 M) reduced peak fractional shortening by 71.4% when compared with control ( Fig. 2B ). The concentration of progesterone that caused 50% inhibition of peak contraction (IC 50 ) was 126.5 Ϯ 54.2 nM (n ϭ 8). Progesterone also attenuated the velocity of shortening ( Fig. 2C ; IC 50 ϭ 69.0 Ϯ 42.9 nM) and the velocity of lengthening ( Fig.  2D ; IC 50 ϭ 11.7 Ϯ 5.4 nM) when compared with cells exposed to vehicle alone.
To determine whether changes in the availability of intracellular Ca 2ϩ contributed to the effects of progesterone on contraction, Ca 2ϩ transients were recorded simultaneously in the absence and presence of increasing concentrations of drug (0.001-10.0 M), as shown in Fig. 3 . Figure 3A shows representative examples of Ca 2ϩ transients in the absence ( Fig. 3A , left) and presence ( Fig. 3A , right) of 1 M progesterone. Progesterone had no significant effect on Ca 2ϩ transients. Indeed, mean data show that peak Ca 2ϩ transients were not affected by progesterone at concentrations up to 10 M (Fig. 3B ). The mean data also demonstrate that progesterone had no effect on either the rate of rise ( Fig. 3C ) or the rate of decay (Fig. 3D ) of the Ca 2ϩ transient. Figure 3E shows that progesterone also had no impact on diastolic Ca 2ϩ concentrations across a range of concentrations. Together, these data show that contractions were attenuated and slowed by acute application of progesterone, with no effect on the underlying Ca 2ϩ transients in myocytes from females.
In other experiments, we examined the effect of progesterone on resting membrane potential (RMP) and action potential configuration in myocytes isolated from female mice and paced at 4 Hz. We compared responses from cells exposed to progesterone to cells exposed to vehicle alone. Figure 4A shows representative action potentials recorded in the absence and presence of 1 M progesterone. Mean data demonstrate that 1 M progesterone had no effect on APD at 50% repolarization (APD 50 ; Fig. 4B ). However, progesterone abbreviated APD at 90% repolarization (APD 90 ; Fig one had no significant effect on RMP (Fig. 4D ). Together, these observations indicate that progesterone abbreviates APD in female mouse ventricular myocytes. Acute application of progesterone has no effect on Ca 2ϩ handling mechanisms in voltage-clamped cardiomyocytes from female mice. The next series of experiments investigated specific cellular mechanisms that could help explain the effects of progesterone on contraction. These studies used cells that were voltage clamped to eliminate differences in APD and control the duration of depolarization. Cells were voltage clamped at a holding potential of Ϫ80 mV, paced with square conditioning pulses (10 at 4 Hz) from Ϫ80 to 0 mV to ensure comparable loading of the SR and repolarized to Ϫ40 mV. Cells were then depolarized with a 200-ms test step from Ϫ40 to 0 mV to activate I Ca-L in the absence or presence of 1 M progesterone. This concentration was chosen because it had near maximal effects on contraction, as shown in Fig. 2 . Figure 5A shows representative examples of Ca 2ϩ transients (Fig. 5A, top) , contractions ( Fig. 5A, middle) , and I Ca-L (Fig. 5A, bottom) under control conditions and after exposure to 1 M progesterone. Means (ϮSE) data demonstrate that peak Ca 2ϩ transients ( Fig. 5B ) and I Ca-L densities (Fig. 5C ) were not affected by progesterone. The amount of Ca 2ϩ released per unit I Ca-L , a parameter known as the gain of SR Ca 2ϩ release, also was not affected by progesterone ( Fig. 5D ). By contrast, peak contractions were inhibited by progesterone ( Fig. 5E ) and the velocities of shortening and lengthening were slowed (Fig. 5 , F and G). Progesterone also inhibited contraction with no effect on Ca 2ϩ transients when cells were voltage-clamped and paced with conditioning pulses delivered at slower frequency (e.g., 2 Hz), as shown in Fig. 5 , H and I. These data demonstrate that progesterone attenuated and slowed contractions in cells from female mice, even when the duration of depolarization was controlled by voltage clamp and the history of SR Ca 2ϩ loading was identical in control and drug-treated cells.
We next investigated whether the amount of SR Ca 2ϩ available for release was modified by progesterone. SR Ca 2ϩ load was measured by the rapid application of 10 mM caffeine as described in METHODS. Figure 6A shows examples of Ca 2ϩ transients followed by caffeine-induced Ca 2ϩ transients in the absence (Fig. 6A, top) and presence (Fig. 6A , bottom) of 1 M progesterone. The mean (ϮSE) data show that SR Ca 2ϩ load was similar in control and progesterone-treated cells (Fig. 6B ). Fractional SR Ca 2ϩ release, which represents the amount of Ca 2ϩ released as a fraction of the total SR Ca 2ϩ available, also was similar in the two groups (Fig. 6C) . Similarly, diastolic Ca 2ϩ levels under voltage-clamp conditions (Fig. 6D) were not affected by progesterone. Taken together, these data show that the smaller, slower contractions observed after acute application of progesterone in female ventricular myocytes are not attributable to changes in I Ca-L , SR Ca 2ϩ release gain, or the amount of SR Ca 2ϩ available for release.
Myofilament Ca 2ϩ sensitivity is reduced, whereas myosin binding protein C phosphorylation is enhanced, by acute application of progesterone in hearts from female mice. As progesterone attenuated contraction with no effect on Ca 2ϩ transients in cells from females, it is possible that progesterone influenced contractile function at the level of the cardiac myofilaments. In these experiments, actomyosin MgATPase activity was measured to determine whether progesterone affected myofilament Ca 2ϩ sensitivity. Hearts were perfused with either 1 M progesterone or vehicle control for 35 min, as described in METHODS. Figure 7A shows normalized actomyosin MgATPase activity in control and progesterone-treated ventricles. The curve for progesterone-treated hearts was shifted to the right, which demonstrates that drug treatment reduced Fig. 4 . Progesterone abbreviated action potential duration (APD) with no effect on resting membrane potential (RMP) in ventricular myocytes from female mice. A: representative action potentials recorded in under control conditions and in the presence of 1 M progesterone. B and C: mean data show that, while progesterone had no effect on APD at 50% (APD50), it abbreviated APD90. D: application of 1 M progesterone had no effect on RMP. Values represent means Ϯ SE; n ϭ 10 control myocytes (9 mice) and 9 myocytes in the presence of 1 M progesterone (4 mice) (*P Ͻ 0.05, t-test).
myofilament Ca 2ϩ sensitivity (Fig. 7A ). This was quantified by comparing the concentration of Ca 2ϩ required to produce 50% of maximal activity (EC 50 values) in each group. Results showed that the EC 50 values were significantly larger in progesterone-treated hearts than in control hearts ( Fig. 7A, inset) . By contrast, progesterone had no effect on either the Hill coefficient (Fig. 7B) or the maximal ATPase activity (Fig. 7C) . These results demonstrate that myofilament Ca 2ϩ sensitivity was reduced by acute exposure to progesterone. As cardiac contractile function is profoundly influenced by phosphorylation changes in myofilament proteins, we compared phosphorylation levels of key myofilament proteins in control and progesterone-treated (1 M) hearts. A representative gel is shown in Fig. 8A and mean (ϮSE) data are shown in Fig. 8B . Results showed that myosin binding protein C phosphorylation was increased by progesterone treatment (Fig.  8, A and B) . By contrast, phosphorylation levels for other myofilament proteins (desmin, troponin T, tropomyosin, troponin I, and myosin light chain 2) were not significantly affected by drug treatment (Fig. 8, A and B) . Together, these data indicate that acute application of progesterone reduces myofilament Ca 2ϩ sensitivity but increases phosphorylation of myosin binding protein C.
Acute effects of progesterone on myocyte contraction were blocked by a PR antagonist and reversed by the Ca 2ϩ sensitizer levosimendan. We also investigated whether the acute effects of progesterone on cardiomyocyte contraction could be blocked by progesterone antagonists. For these experiments we treated cells with two different PR antagonists, mifepristone (10 M; 47), and lonaprisan (1 M; 21), in the presence of 1 M progesterone. Interestingly, mifepristone did not block the effects of progesterone on peak contraction; peak contractions were 2.2 Ϯ 0.3% in progesterone alone (n ϭ 10) and 1.4 Ϯ 0.5% in progesterone plus mifepristone (n ϭ 3; not significantly different). Furthermore, mifepristone also inhibited contraction, even in the absence of progesterone (peak contraction was 1.9 Ϯ 0.5% in the presence of mifepristone alone; n ϭ 3). By contrast, the PR antagonist lonaprisan abolished the inhibitory effect of progesterone on the amplitude of contraction (Fig. 9A ). Lonaprisan also reversed the effects of progesterone on velocities of shortening and lengthening (Fig. 9, B and C) . These findings indicate that acute effects of progesterone on contraction were receptor mediated.
In other experiments, we investigated whether the effects of progesterone could be reversed by treatment with the Ca 2ϩ sensitizer levosimendan (1 M; 11). Figure 9D shows that, when cells were treated with progesterone plus levosimendan, the inhibitory effect of progesterone on contraction was abolished. Levosimendan also reversed the effects of progesterone on the velocity of shortening and lengthening ( Fig. 9, E and F) . These data suggest that the effects of progesterone on contraction can be reversed if the myofilaments are sensitized to Ca 2ϩ .
Acute application of progesterone has no effect on myocyte contraction or myofilament Ca 2ϩ sensitivity in hearts from male mice. In some experiments we investigated whether progesterone affected the magnitude and time course of contractions and Ca 2ϩ transients in ventricular myocytes isolated from male mice. Cells were field-stimulated at 4 Hz. Figure  10A shows representative contractions (Fig. 10, left) and Ca 2ϩ transients (Fig. 10, right) in the absence and presence of 1 M progesterone. The mean data show that progesterone had no effect on either the amplitude (Fig. 10B ) or the velocities of shortening (Fig. 10C ) or lengthening (Fig. 10D ). We also found that 1 M progesterone had no significant effect on either the amplitude or time course of the Ca 2ϩ transients (Fig.  10, E-G) . Thus, unlike our observations in ventricular myocytes from female mice, progesterone had no effect on magnitude or the time course of contraction in cells from male mice.
We also investigated whether progesterone affected myofilament Ca 2ϩ sensitivity in hearts from male mice. Hearts were perfused with either 1 M progesterone or vehicle control for 35 min. Figure 11A shows that progesterone had no effect on actomyosin Mg 2ϩ ATPase activity across a range of Ca 2ϩ concentrations in hearts from male mice. The EC 50 values also were similar in the two groups (Fig. 11A, inset) . In addition, progesterone had no effect on either the Hill coefficient (Fig.  11B) or the maximal ATPase activity (Fig. 11C) . These results demonstrate that, unlike our findings in hearts from females, myofilament Ca 2ϩ sensitivity was not affected by acute exposure to progesterone.
DISCUSSION
The overall goals of this study were to evaluate the acute effects of progesterone on contractions and Ca 2ϩ homeostasis in ventricular myocytes from female mice and to investigate the cellular mechanisms involved. Field-stimulated myocytes exposed to progesterone had smaller, slower contractions than vehicle control, with no change in RMP or action potential characteristics. Interestingly, progesterone had no effect on the amplitudes or time courses of Ca 2ϩ transients recorded at the same time as contractions, although it did abbreviate APD 90 . Smaller, slower contractions with no change in Ca 2ϩ transients also were observed in voltage-clamped cells depolarized with identical test steps. Voltage-clamp experiments showed that progesterone had no effect on cellular mechanisms that regulate intracellular Ca 2ϩ handling, including I Ca-L , the gain of SR Ca 2ϩ release, diastolic Ca 2ϩ , SR Ca 2ϩ content, and fractional SR Ca 2ϩ release. By contrast, acute exposure to progesterone reduced myofilament Ca 2ϩ sensitivity in conjunction with an increase in phosphorylation of myosin binding protein C when compared with hearts perfused with vehicle alone. The effects of progesterone on contraction in myocytes from female mice were reversed by the PR antagonist lonaprisan and by the Ca 2ϩ [Calcium] (µM) sensitizer, levosimendan. Interestingly, progesterone had no effect on contractions or myofilament Ca 2ϩ sensitivity in cells or hearts from male mice. Together, these findings demonstrate that short-term exposure to progesterone inhibits cardiac contraction in the female heart by effects on myofilaments, with no effect on other major cellular Ca 2ϩ handling mechanisms. Classic studies have shown that acute application of progesterone (0.1-10 M) reduces peak contractile force in ventricular muscle preparations from a pooled sample of male and female guinea pigs (42) , although studies in males alone report no effect on contraction (68, but cf. 56). Our study extends this early work to show that progesterone reduced peak contractions and prolonged the rates of shortening and lengthening in ventricular myocytes isolated from female mice but not in cells from male mice. Although PRs have been identified in hearts from males and females (45) , it is unclear whether there are sex differences in cardiac PR density or distribution. There is evidence that brain PR expression is lower in males than in females and this has been attributed to induction of PRs by circulating estradiol (54) . Whether this occurs in other tissues such as the heart is not yet clear. Nonetheless, our data strongly suggest that progesterone attenuates and slows contractions in hearts from females and that this effect is not seen in cells from males.
This negative inotropic effect of progesterone has been attributed to a decrease in APD that would, theoretically, reduce Ca 2ϩ influx and attenuate peak contraction (42) . Indeed, there is evidence that progesterone reduces APD in guinea pig ventricular myocytes from females (47) and in papillary muscles from a pooled group of males and females (42) , although this has not been reported in all studies (13, 68) . Here, we showed that acute application of progesterone abbreviated APD 90 in ventricular myocytes from female mice, so it is possible that shorter action potentials could account for inhibition of contraction in field-stimulated myocytes. However, a key finding in our study is the novel observation that the effects of progesterone on contraction were not accompanied by corresponding changes in Ca 2ϩ transients. This was true not only in field stimulation studies, when responses were activated by action potentials, but also in voltage clamp studies, when responses were activated by test steps of fixed duration to eliminate differences in the duration of depolarization. This suggests that acute application of progesterone modifies Ca 2ϩ handling at the cellular level. We demonstrated that progesterone had no effect on I Ca-L in mouse ventricular myocytes and this concurs with an earlier study in female guinea pig ventricular myocytes (47) . These data indicate that the trigger for SR Ca 2ϩ release is not affected by this hormone. We also showed that progesterone had no effect on the gain of SR Ca 2ϩ release, the levels of diastolic Ca 2ϩ , the amount of Ca 2ϩ available for release in the SR, or the fraction of Ca 2ϩ released from the SR per beat. These findings clearly show that the effects of progesterone on contraction are not mediated by changes in any of these critical Ca 2ϩ -handling mechanisms. An earlier study showed that acute effects of progesterone on ionic currents in the guinea pig heart could be blocked by the PR antagonist mifepristone (47) . Interestingly, we found that mifepristone did not block the effects of progesterone on contraction and it actually attenuated contractions when applied in the absence of progesterone. There is evidence that many PR antagonists, including mifepristone, may actually be partial agonists in some tissues and species (1) and our findings suggest that mifepristone may act in this way in murine ventricular muscle. On the other hand, we showed that the attenuation and slowing of contraction caused by progesterone could be reversed by the PR antagonist, lonaprisan. Lonaprisan is a potent and selective PR antagonist (21) without the partial agonist actions of mifepristone (1) . Taken together, our results indicate that lonaprisan is an effective antagonist of acute effects of progesterone in the heart whereas mifepristone is not. A novel observation reported here is that the myofilaments themselves are influenced by exposure to progesterone. Our data demonstrate that acute exposure to progesterone causes a decrease in myofilament Ca 2ϩ sensitivity but only in female hearts. These findings strongly suggest that a reduction in myofilament Ca 2ϩ sensitivity contributes importantly to the inhibition of cardiac contraction in the female heart. We found that we could reverse effects of progesterone on the magnitude and velocity of contraction by exposing cells to the Ca 2ϩ sensitizer levosimendan. Levosimendan is thought to increase cardiac contractility primarily by Ca 2ϩ sensitization of troponin C, although it does have other relevant pharmacological actions such inhibition of phosphodiesterase III (52) . Nonetheless, our results demonstrate that levosimendan can reverse the inhibitory effects of progesterone in the heart, which suggests that a reduction in the Ca 2ϩ sensitivity of troponin C may be involved.
Interestingly previous studies have reported that decreased myofilament Ca 2ϩ sensitivity is associated with increased rates of relaxation (33) , which is in disagreement with our data. However, others have shown no change in relaxation with decreased Ca 2ϩ sensitivity (18) , suggesting that the link between myofilament Ca 2ϩ sensitivity and activation-relaxation dynamics is not clear. Some possible changes that may explain the progesterone-dependent slowing of cellular relaxation are Ca 2ϩ -independent factors such as titin. Although titin was not investigated in the current study, acute changes in its phosphorylation level can affect cellular recoil and thus rate of relaxation. Whether titin phosphorylation is impacted by acute progesterone exposure could be the subject of a future investigation.
We found that acute administration of progesterone increased myosin binding protein C phosphorylation, with no effects on the total phosphorylation of other myofilament proteins such as desmin, troponin T, tropomyosin, troponin I, and myosin light chain 2. Interestingly, previous work by our group and others has suggested that phosphorylation of myosin binding protein C may be sufficient to reduce myofilament Ca 2ϩ sensitivity (12, 39, 60) . Whether increased phosphorylation of myosin binding protein C can account for the reduced myofilament Ca 2ϩ sensitivity seen in the presence of progesterone is less clear. Cuello et al. (17) reported that ribosomal S6 kinase phosphorylation of serine 282 reduces myofilament Ca 2ϩ sensitivity, but they found that this change in Ca 2ϩ sensitivity occurs in conjunction with an increased rate of cross-bridge cycling, which is inconsistent with our results. Other phosphorylation sites within myosin binding protein that have been investigated are serines 273 and 302; however, the functional roles of these amino acids are not clear (57) . More recently others have identified up to 17 potential phosphorylation sites within myosin binding protein C and the functional impact of these sites remains largely unexplored (36) . Therefore, while we have uncovered a novel phosphorylation change in myosin binding protein C following acute progesterone exposure of the heart, we are unable to conclusively identify this change as the causative player in the observed alterations in myofilament function.
The receptor or receptors responsible for nongenomic effects of progesterone have not been conclusively identified, although evidence for membrane-associated PRs coupled to a variety of different signaling pathways is growing (59, 64) . Acute progesterone treatment of a variety of cell types activates protein kinase A (51, 61) , protein kinase C (3), as well as Ca 2ϩ / calmodulin-dependent protein kinase II (4) . Interestingly, each of these molecular messengers has been shown to phosphorylate cardiac myosin binding protein C (5). In cardiomyocytes there is some evidence that membrane receptors PR78 and/or PR54 may be involved in the nongenomic effects of progesterone (47) , although further studies to identify myocardial PRs and clarify the associated signaling pathways that are needed.
There are limitations to this study. We found that acute progesterone attenuated and slowed cardiomyocyte contractions at concentrations as low as 100 nM and that effects were maximal at 1 M. Circulating progesterone levels are close to 2.5 nM in postmenopausal women and in premenopausal women in the follicular phase (24, 30) . Levels can rise to 40.6 nM in premenopausal women in the luteal phase (30) , but still progesterone would be expected to have little, if any, effect on cardiac contraction under these conditions. Progesterone levels do rise during pregnancy and can reach 300 -1200 nM by the third trimester (24) . It is well established that cardiac output increases throughout pregnancy as stroke volume and heart rate increase (62) . Thus it is possible that acute effects of progesterone on contraction may be at least partially compensated by other actions potentially including chronic actions of progesterone. For example, there is some evidence that chronic exposure to progesterone may actually increase myofilament Ca 2ϩ sensitivity (31) . Thus inhibitory effects of progesterone on cardiac contractile function may not normally be apparent. However, our data suggest that inhibitory effects of progesterone on contraction can occur at physiological concentrations and may contribute to or exacerbate manifestations of cardiovascular disease late in pregnancy. It is also important to note that progesterone is also produced by the adrenal glands under stressful conditions (65) . Indeed, studies have shown that serum progesterone levels increase from~30 nM to between 100 and 300 nM in rats exposed to stressors such as foot shock and cold restraint (29, 31) . Therefore, it is possible that progesterone also may disrupt cardiac contractile function during exposure to stress. Interestingly, one clinical study has shown that higher progesterone levels are associated with an increased prevalence of congestive heart failure (48) . Additional studies that investigate potential links between progesterone and heart failure in the setting of stress or pregnancy would be of interest.
We have previously shown that the estrous stage can influence cardiac contractile function in female mice (39) . Mice in estrus have longer APD, larger contractions and Ca 2ϩ transients, and reduced myofilament Ca 2ϩ sensitivity when compared with the other stages (39) . However, we also demonstrated that group-housed female mice, such as those used in the present study, do not exhibit regular estrous cycles unless they are specifically induced to cycle by exposure to male bedding (39) . Cycling mice spend less than 10% of their reproductive cycle in estrus (6) , so the chance that even a cycling mouse used in any given experiment will be in estrus is very low. A key reason for not including female animals in experimental studies is the belief that confounding contributions from the estrous cycle will make results variable and difficult to interpret, although there is no evidence for this (16, 34, 40) . Indeed, Zucker and colleagues conducted a metaanalysis of 293 articles that examined behavioral, morphological, physiological, and molecular traits in males and in females, without regard to estrous stage (53) . They showed that variability was typically similar in males and females (or actually higher in males for several traits) and concluded that utilization of female animals does not require continuous monitoring of the estrous cycle (53) . For these reasons we did not select mice in a particular estrous stage in the present study.
In summary, the present study demonstrated that acute exposure to progesterone reduced the amplitude of contraction with no impact on Ca 2ϩ transients in ventricular myocytes isolated from female mice. Progesterone also abbreviated APD but had no effect on cellular mechanisms that regulate SR Ca 2ϩ release, so the effect on contraction was not attributable to changes in cellular Ca 2ϩ homeostasis. Instead, the smaller, slower contractions observed in the presence of progesterone reflected a reduction in myofilament Ca 2ϩ sensitivity. In contrast to results in females, progesterone had no effect on contractions or myofilament Ca 2ϩ sensitivity in myocytes and hearts from males. Together, these observations indicate that progesterone attenuates and slows cardiac contraction through nongenomic actions on the myofilaments in the female heart. These effects of progesterone may contribute to or exacerbate cardiovascular complications of pregnancy.
